Historical data provide a baseline against which to judge the significance of recent ecological shifts and guide conservation strategies, especially for species decimated by pre-20th century harvesting. Northern fur seals (NFS; Callorhinus ursinus) are a common pinniped species in archaeological sites from southern California to the Aleutian Islands, yet today they breed almost exclusively on offshore islands at high latitudes. Harvest profiles from archaeological sites contain many unweaned pups, confirming the presence of temperate-latitude breeding colonies in California, the Pacific Northwest, and the eastern Aleutian Islands. Isotopic results suggest that prehistoric NFS fed offshore across their entire range, that California populations were distinct from populations to the north, and that populations breeding at temperate latitudes in the past used a different reproductive strategy than modern populations. The extinction of temperate-latitude breeding populations was asynchronous geographically. In southern California, the Pacific Northwest, and the eastern Aleutians, NFS remained abundant in the archaeological record up to the historical period Ϸ200 years B.P.; thus their regional collapse is plausibly attributed to historical hunting or some other anthropogenic ecosystem disturbance. In contrast, NFS populations in central and northern California collapsed at Ϸ800 years B.P., long before European contact. The relative roles of human hunting versus climatic factors in explaining this ecological shift are unclear, as more paleoclimate information is needed from the coastal zone.
H umans, including prehistoric indigenous groups, play a major role in shaping their environment, such that some of the ecosystems we are familiar with today operated differently in the past (1) . Paleoecological data illuminate the natural history of species on ecologically and evolutionarily relevant timescales, providing a means of evaluating the significance of current ecological trends that is vital to the success of long-term conservation strategies (2) . This perspective is especially important for species that have suffered recent declines in population size because of human disturbance. Here we use archaeometric, isotopic, genetic, and chronologic data to reveal prehistoric shifts in the ecology of northern fur seals (NFS; Callorhinus ursinus) and then briefly explore the factors driving these changes.
Post-Columbian explorers encountered just two NFS breeding populations along the entire margin of the northeast Pacific Ocean (Fig. 1 ), a small one on the Farallon Islands (Ϸ38°N) off San Francisco Bay (3) and a much larger one on the Pribilof Islands (Ϸ57°N) in the eastern Bering Sea (4) . In striking contrast, NFS fossils are substantial components of archaeological sites from southern California to the eastern Aleutian Islands (5) (6) (7) (8) (Fig. 1) . The latter finding is puzzling because the modern pattern of offshore foraging, primarily high-latitude island breeding, and a short lactation period (4) should have made NFS largely unavailable to human hunters at temperate latitudes. Even if indigenous people had the maritime technologies needed to exploit offshore/pelagic prey, regular offshore hunting of NFS, which are relatively small pinnipeds that occur today at low densities (9) , would be a suboptimal foraging strategy. There are two potential explanations for the common occurrence of NFS in archaeological sites. (i) They may be the remains of individuals, largely from high-latitude breeding colonies, that accidentally stranded and were scavenged by humans. This explanation requires no major changes in NFS breeding or migratory behavior, although it might require a larger source population at high latitudes to explain the higher stranding frequency in the past. (ii) NFS may have come from nearby haul-outs or breeding colonies (5) (6) (7) (8) . This explanation requires a marked increase in the number and/or size of NFS breeding colonies at temperate latitudes. Under the second scenario, NFS would have been especially susceptible to human predation if they congregated at high densities close to shore or if they weaned their pups at an older age than modern populations. We evaluate these possible explanations using information obtained from NFS remains in archaeological sites from the western Aleutian Islands to southern California ( Fig. 1 ).
Currently, NFS in the eastern North Pacific are in decline for unknown reasons. Population estimates are at a historic low for the Pribilof Islands stock in the eastern Bering Sea (9) , where Ϸ65% of the global population breeds (4) . Adult females, after spending autumn through late spring at sea, return to the Pribilof Islands to breed in late June. Most pups are born between July 3rd and July 11th and are weaned in early November (4), at which time young-of-the-year (YOY) and adult females migrate as far south as California during the winter months (10) . Adult males from the Pribilofs population remain in the Gulf of Alaska throughout the winter (11) . Recently, migrants from the Pribilofs have established breeding colonies on San Miguel Island (SMI) off southern California (12) and Bogoslof Island in the eastern Aleutians (13) (Fig. 1) . The SMI and Bogoslof populations breed on a schedule similar to the Pribilof population; modern NFS wean their pups at Ϸ4 months of age across their entire range. Recent reports also indicate that NFS are breeding on the Farallon Islands off central California (3), but this small colony has not yet been formally studied.
Results and Discussion
Definitive evidence for numerous prehistoric breeding colonies along the northeast Pacific margin comes from harvest (mortality) profiles from archaeological sites, which reveal the age/sex classes exploited by ancient humans. Assuming ancient NFS populations nursed at least as long as the modern population, YOY equaling 4 months of age must be preweaned pups and, by extension, must signal the presence of a colony near the site of recovery. Coupling relative abundance estimates ( Fig. 1 ) and harvest profiles ( Fig. 2) for prehistoric NFS provides three firm conclusions. First, pups of 4 months of age represent a substantial portion of the distribution at most sites, establishing that NFS had breeding colonies in California, the Pacific Northwest, and the eastern Aleutian Islands. Second, the high abundance of NFS relative to other pinnipeds throughout much of this distribution strongly suggests direct predation by humans on nearby colonies, not scavenging of strandings. Finally, strong representation of 5to 12-month-old individuals in the profiles from the eastern Aleutians (Fig. 2 A) and the Olympic Peninsula ( Fig. 2B ) indicates that immature NFS were available to humans yearround in these regions, not just during a short, 4-month breeding season as would be the case with modern NFS.
Stable isotope data provide insights into the foraging ecology and maternal strategies of ancient NFS populations [supporting information (SI) Text]. Natural variations in stable carbon isotope (␦ 13 C) values provide information on foraging location (14, 15) because food web ␦ 13 C values are higher in nearshore versus open-ocean ecosystems (16, 17) . In all sites where they co-occur ( Fig. 1 ), prehistoric adult female NFS have significantly lower ␦ 13 C values than harbor seals (HS, Phoca vitulina; ref. 18 ), which are nonmigratory and forage close to shore (19) . Consistent 13 C-depletion in prehistoric NFS relative to nearshoreforaging HS indicates that NFS were foraging in deep, offshore waters over their entire range. Thus, the apparent availability of NFS to prehistoric human hunters was not because they foraged close to shore. Furthermore, both carbon and nitrogen (␦ 15 N) isotope values can also provide information on foraging latitude because phytoplankton ␦ 13 C and ␦ 15 N values are higher in temperate than in high-latitude ecosystems, and both values decline steeply from east to west across the Bering Sea and Aleutian Islands (16, 20, 21) . Isotopically, prehistoric adult female NFS cluster into three geographically defined groups: a southern group (California) with high isotope values, a northern group (eastern Aleutian/Gulf of Alaska/Pacific Northwest) with intermediate values, and a western Aleutian group with very low isotope values ( Fig. 1 ). Isotopic distinctions among seals from different regions confirm that prehistoric NFS from California were not immigrants from northern waters but instead were year-round residents.
␦ 15 N values have also been used to characterize the duration of nursing and approximate age at weaning for many mammals, including otariids (eared seals; refs. 14 and 22) . In theory, lactating mothers catabolize their own tissues to produce milk for their offspring; thus nursing offspring appear to be feeding one trophic level higher than their mother (i.e., a ␦ 15 N increase of Ϸ3-5‰). To determine why 5-to 12-month-old YOY are common in some sites, we measured ␦ 15 N values of modern and prehistoric NFS between 2 and 30 months of age. Fig. 3 shows (19) . A site-by-site compilation of pinniped isotope values is available as SI Table 1 . NFS cluster into northeastern Pacific (squares), California (circles), and western Aleutian populations based on significant differences in isotopic values. Filled symbols denote sites with harvest profile data (see Fig. 2 ). Locations of islands mentioned in text are shown: ✷, Pribilof Islands, eastern Bering Sea; ‚, Bogoslof Island, eastern Aleutians; X, Farallon Islands off San Francisco Bay; Q, SMI off southern California.
␦ 15 N results for three NFS bone ontogenetic series, including one from the (modern) Pribilof Islands and two from northeast Pacific archaeological sites. Careful consideration of bone collagen turnover rates is required when analyzing bone ontogenetic series because turnover is approximately correlated with growth rates and, by extension, age. For the modern Pribilof series, there is a robust trend in ␦ 15 N values, which shows a gradual and significant decline in values from individuals 2-6 to 9-12 months of age. If modern NFS from the Pribilof Islands begin to ingest solid food shortly after weaning at Ϸ4 months of age and we assume that recently weaned animals consume solid prey types similar to those consumed by juveniles 12-15 months of age, it takes Ϸ8 months for the ␦ 15 N signal associated with nursing to be completely diluted by bone collagen turnover (22) . ␦ 15 N results from the archaeological series show a very different pattern ( Fig. 3 ). There is no difference in ␦ 15 N values between the archaeological series and the modern Pribilof series for the 2-to 6-month age class. This pattern is expected because modern Pribilof adult female ␦ 15 N values (15) are statistically indistinguishable from values of Umnak Island and Ozette adult females ( Fig. 3 ). However, high ␦ 15 N values persist to the 9-to 12-month age class at Umnak Island and to the 12-to 15-month age class at Ozette. There are four potential explanations for why high ␦ 15 N values persist to older ages in prehistoric YOY. The first is that ancient NFS were weaned at the same age but grew much faster than modern NFS from the Pribilofs, resulting in systematic overestimation of age-at-death for archaeological specimens. A comparison of age-specific bone growth series reveals that prehistoric NFS males from Ozette (Washington) grew slower, not faster, than modern Pribilof males (SI Fig. 5 and SI Text), refuting this hypothesis. Because starvation may cause ␦ 15 N values of body tissues to increase (23), a second possibility is that all of the archaeological YOY we sampled were starved individuals. This is an unlikely scenario, especially in sites where YOY are abundant and ample archaeological evidence suggests NFS were actively hunted (5) (6) (7) (8) . A third possibility is that, upon weaning at Ϸ4 months, pups immediately began to feed one trophic level higher than adult females, then switched to feed at a lower trophic level than adult females at Ϸ12 months of age. This ad hoc explanation is highly unlikely given differences in size and presumed foraging success between YOY and adult females (4) . We favor the final explanation: that YOY from breeding colonies in the eastern Aleutians and Pacific Northwest weaned at a much older age than their modern Bering Sea counterparts.
To determine whether the divergence in NFS maternal strategy reflects interspecific differences, we extracted ancient mitochondrial DNA sequences and compared them with published sequences from northeast Pacific otariids, including modern NFS (24) . Although genetically diverse [H ϭ 0.8 (where "H" indicates haplotypic diversity)], prehistoric NFS from three temperate-latitude archaeological sites group among modern NFS to the exclusion of other sympatric otariids (SI Fig. 6 ); archaeological NFS are thus not a different species than modern NFS.
Our results suggest that in the absence of strong selection for early weaning imposed by the onset of severe winter conditions in the Bering Sea, weaning at an older age may have been adaptive for NFS populations breeding at temperate latitudes. Most otariids (12 of 14 species; refs. 19 and 25) utilize a long-term lactation strategy in which pups are gradually weaned sometime between 10 and 14 months of age depending on species and breeding locality. The long-term strategy is thought to buffer populations against interannual resource fluctuations resulting from short-term climatic events, such as El Niño-Southern Oscillation (ENSO) events, that negatively affect seasonal productivity in many temperate-and tropical-latitude marine ecosystems (25, 26) . Today on SMI (Fig. 1) , NFS pup production drastically declines during ENSO events (27) , and it takes several years (Ն8) for production to recover to pre-ENSO levels, implying that recruitment and/or adult reproduction are also negatively impacted by these short-term resource failures. If maternal strategy has a genetic foundation, as suggested by observation of otariid interspecific hybridization (28) , the recently established NFS populations on SMI and the Farallon Islands provide a unique opportunity to test hypotheses relating to the evolution of otariid maternal strategies (29) . Finally, the antiquity of the NFS breeding population on the Pribilof Islands is unknown, but we assume it would have followed the same rapid weaning schedule as modern NFS.
The loss of NFS breeding populations at temperate latitudes is part of a broader pattern of declines in marine mammal abundances along the eastern Pacific margin. Researchers studying ecosystem and human cultural change on the Pacific margin have offered several explanations for drops in marine mammal abundance in archaeological sites. These include predation by Europeans in historic times (30) , intensifying human predation spanning several millennia before European contact (5), climate change on land that drove humans to unsustainably harvest marine prey (31), or climatically driven reductions in marine productivity, with humans playing no major role (32) . Our accelerator mass spectrometry (AMS) 14 C dates on NFS and published radiocarbon data on archaeological material firmly associated with NFS provide constraints on these hypotheses ( Fig. 4 and SI Table 2 ) (for review, see refs. 5, 6, and 8). First, NFS are consistent, and relatively abundant, components of coastal archaeological faunal assemblages that date from the middle Holocene (Ϸ5,000 years B.P.) to the historical period (Ϸ200 years B.P.) in nearly all regions along the northeast Pacific margin (8) . These radiocarbon data suggest that the rapid and substantial enlargement of NFS breeding distribution that has occurred over the past several decades is unprecedented in comparison with the prehistoric scenario; it may be a response to the intense, well documented, historic population bottleneck that the species suffered before protection in the early 20th century (30, 33) . Second, the apparent declines in NFS were asynchronous across its prehistoric breeding range. In southern California, the Pacific Northwest, and the eastern Aleutian Islands, NFS remained abundant in the archaeological record up to the historical period; thus, their regional collapse is plausibly attributed to historical hunting or some other anthropogenic ecosystem disturbance. In contrast, NFS dates from central and northern California range from Ϸ8,400 to 800 years B.P., with population collapse before European contact. The Medieval Climatic Anomaly, which approximately coincides with the last dates for NFS in central and northern California (Ϸ800-1,000 years B.P.), was a period of drought in western North America (31, 34) . Paleoceanographic records from central and northern California (35) do not reveal any substantial, permanent shifts in marine conditions at the time, but more data, particularly on El Niño-Southern Oscillation frequency and intensity, are needed. The alternative, that drought on land might have precipitated unsustainable use of marine resources by human populations, is intriguing, but likewise must be tested with additional terrestrial paleoclimate and archaeological data from the coastal zone.
NFS provide one of the clearest examples of major ecological change in the recent past leading to present-day remnant distributions. Our study demonstrates that NFS had more temperate-latitude breeding colonies in the past, with breeding populations in California, the Pacific Northwest (Washington and/or British Columbia), and the eastern Aleutian Islands, and that these populations used a different reproductive strategy than modern populations. Over the past several decades, NFS migrants sourced from high-latitude breeding colonies (Pribilof and Commander Islands, Bering Sea) have reestablished breeding colonies in some of these areas (3, 12, 13) , despite ongoing and unexplained population declines in the source population in the eastern Bering Sea. Further establishment of temperatelatitude breeding colonies could help buffer the global population of this species, through diversification of population and genetic structure, and by diffusing potential threats to population viability (anthropogenic or climatic) over a larger geographical area. Our results also have implications for questions regarding the behavioral plasticity of marine mammals in response to environmental gradients. As NFS reestablish temperate-latitude breeding colonies, our data suggest that their reproductive behavior (attendance behavior and weaning age) may change as they adapt to a different set of environmental selection pressures. Our multidisciplinary study highlights the importance of understanding preexploitation biogeography and behavior of species whose current ecology may be shaped by recent exploitation and/or environmental change, which is only possible through examination of ancient material. (V-PDB) for carbon and atmospheric N 2 for nitrogen. The units are expressed as parts per thousand (‰). Repeated measurements of a gelatin standard (n ϭ 100) yielded an SD of Ͻ0.2‰ for both ␦ 13 C and ␦ 15 N values. Duplicate isotopic measurements were performed on Ϸ20% of all unknown samples and yielded a mean absolute difference of 0.2‰ for ␦ 13 C and ␦ 15 N values.
Materials and Methods
For AMS 14 C analysis of bone collagen (36) , raw bone samples were crushed and demineralized in 0.5 M HCl at 5°C for Ϸ12-15 h. The resulting organic matter was gelatinized in 0.1 M HCl at Ϸ60°C for 12-15 h. Gelatinized samples were filtered by using glass microfiber filters to remove large particulate matter. The resulting mixture was then ultra-filtered by using centrifugal filters to remove low-molecular-weight (Ͻ30 kDa) fragments and vacuum-concentrated. Collagen was combusted to CO 2 via combustion and then graphitized for AMS 14 C analysis at the Center for AMS at the Lawrence Livermore National Laboratory (LLNL). We applied a marine reservoir correction (⌬R) of 250 Ϯ 35 years to the ␦ 13 C-corrected 14 C ages to report the calibrated 2 age range ( Fig. 4 and SI Table 2 ) (37, 38) .
Statistical Analyses. Statistical tests were calculated by using the software program JMP (version 5.0; SAS Institute, Cary, NC). NFS subgroups were determined via a multivariate ANOVA (MANOVA) model of site-specific ␦ 13 C and ␦ 15 N values and an identity response function. Post hoc Wilks' lambda and Pillai's trace multivariate tests yielded significant differences (P Ͻ 0.001). Differences in bone collagen ␦ 13 C and ␦ 15 N values among the subgroups discussed in the text ( Fig. 1 and SI Table 1) were assessed by using a post hoc F test comparison of subgroups identified by the MANOVA model (F ϭ 1.055; P Ͻ 0.001). Northern and southern HS groups did not differ significantly from one another (P Ͼ 0.10).
Statistically significant differences among NFS bone collagen ␦ 15 N values for the ontogenetic series were assessed by using a one-way ANOVA followed by a post hoc Tukey honestly significant difference (HSD) pairwise comparison test. For the modern Pribilof Island ontogenetic series, significant differences in mean ␦ 15 N values were found between the 6-to 9-month and 9to 12-month age classes (P Ͻ 0.001), but the 2-to 6-month and 6-to 9-month age classes are not significantly different from one another (P Ͼ 0.10). The most likely reason why the 2-to 6-month and 6-to 9-month age classes do not differ in mean ␦ 15 N values is because isotopic turnover in bone collagen is relatively slow, taking Ϸ8-10 months in NFS YOY (22) . Furthermore, the 9-to 12-month, 12-to 15-month, and 15-to 30-month age classes are not significantly different from one another (P Ͼ 0.10). For the archaeological series from Umnak Island, statistical tests yielded two groups. All classes younger than 12 months of age were not significantly different from one another (P Ͼ 0.10); however, these groups were significantly different from the 15-to 30month age class (P Ͻ 0.001). Unfortunately, the 12-to 15-month age class was not present in our sample from Umnak Island, AK. For Ozette, all classes younger than 15 months of age are not significantly different from one another (P Ͼ 0.10); however, these groups were significantly different from the 15-to 30month and adult female age classes (P Ͻ 0.001). Given the small SDs on the age estimates for 6-to 12-month-old animals from Umnak and Ozette (1-2 months) ( Fig. 3) , it is highly unlikely that the high ␦ 15 N values seen in these individuals are attributable to misclassification of animals that are Ͻ4 months of age.
Reference NFS Bone Regressions and Error in Age Estimation.
The age-at-death of modern (Pribilof Islands, AK) reference specimens was estimated from tags and/or brands applied at birth. Age was calculated in fractions of years, with an age of zero corresponding to the date of birth. Virtually all births occur within a few weeks of the mean birthing date, which ranges from July 3rd to July 11th on breeding colonies in the Pribilof Islands (39, 40) . We assume that collection date is synonymous with the date of death because the large majority (Ͼ90%) of the specimens were not stranded individuals but directly harvested for commercial, subsistence, or scientific purposes.
Age-at-death estimates for archaeological specimens are based on regressions of bone length versus age developed from known-age reference specimens (7) . Bone regressions were developed for 16 different element metrics (e.g., total length, proximal width, distal width, etc.) on 10 NFS skeletal elements, such as mandibles, humeri, and femora. The metric with the highest R 2 value was used when possible. However, if the unknown specimens were fragmented or incomplete, the next best available measurement was used. Bone length versus age regressions followed Schnute's (41) formulation of von Bertalanffy growth curves (42, 43) :
where T 1 and T 2 are specified a priori and represent the youngest and oldest ages over which growth rates are calculated. Rearranging this equation to express age as a function of length yields:
To determine the precision of age estimation, an approximation for the variance of age for a given length measurement was calculated by using a first-order Taylor series expansion:
where the xs represent the regression parameters a, b, y 1 , and y 2 (44) . For each bone-length measurement, the age SD (SD ϭ square root of age 2 ) was calculated, and the median SD was determined for all of the age estimates in each age class (Figs. 2 and 3).
Ancient DNA Methods. To determine whether the high behavioral variability in maternal strategy that we observed signifies taxonomic differences at the species level, we extracted DNA from teeth and/or bone for 19 archaeological specimens. We then compared these data with sequences of modern NFS from the Pribilof Islands as well as the sympatric Guadalupe fur seal (Arctocephalus townsendi), California sea lion (Zalophus californianus), and Steller sea lion (Eumetopias jubatus) available in the public GenBank database (SI Fig. 6 ). We analyzed archaeological specimens from Chaluka (Umnak Island, AK; n ϭ 7), Ozette (Olympic Peninsula, WA; n ϭ 4), and SMI (Channel Islands, CA; n ϭ 8). E.A.H.'s laboratory at Stanford University, in which ancient DNA (aDNA) was extracted and amplified, had no prior or concurrent history of working with modern pinniped DNA.
The following primers were used to obtain a 156-years-B.P. region of the mitochondrial control region from DNA extracted from teeth: 5Ј-3Ј CalloCR1, CTCCCCCTATGTACTTCGT-GCA; 3Ј-5Ј CalloCR2, CAGCAACCCTTGTGAAAAGTG-TAC. This region was chosen because it was targeted in published studies and shown to be informative within and above the species level for otariids (24) . Final PCR concentrations were AmpliTaq Gold polymerase (0.035 units/ml), Taq Gold buffer (1ϫ), MgCl 2 (5 mM), dNTPs (1 mM each), primers (20 M), sterile water, spermidine (1 mM), and 5 l of DNA template in a total volume of 50 l. We used the following PCR conditions: 95°C for 10 min followed by 45 cycles of 95°C for 30 s, 45°C for 30 s, and 72°C for 1 min. Successfully amplified fragments were cleaned with the Qiagen (Valencia, CA) Qiaquick PCR purifi-cation kit protocol and served as templates in the sequencing thermocycling. To corroborate results and resolve ambiguous sites on single strands, fragments were sequenced in both directions.
Sequences were aligned in Sequencher 3.1.1 (Gene Codes, Ann Arbor, MI) and checked by eye for potential polymorphic sites. For tree-building, we used MEGA 3.0 (MEGA, Tempe, AZ) to perform neighbor-joining analyses and PAUP 4.0 (Sinaur Associates, Sunderland, MA) for maximum likelihood analyses and parameter estimation. We used the Akaike Information Criterion in Modeltest 3.7 (David Posada, Vigo, Spain) to select the most likely model of DNA substitution (TVMϩG, using substitution code abcdbe and ϰ ϭ 0.3655). Martes and Procyon were used as outgroup taxa.
Bootstrapping of the data by using both likelihood and neighbor-joining methods yielded significant support for the monophyly of ancient and modern NFS (98%) and for each of the sympatric species. This result was not affected by the inclusion of available DNA sequences from additional nonsympatric Arctocephalus taxa (data not shown). The clustering of most ancient sequences among modern NFS (SI Fig. 6 ) to the exclusion of other species further supports the notion that prehistoric temperate-latitude NFS did not form a distinct genetic unit separate from modern NFS. We also acknowledge that the genetic distinction between NFS and A. townsendi is based on a small sample size (n ϭ 2) for Arctocephalus, which experienced a severe loss of genetic diversity because of a population bottleneck after historic exploitation (45) . In addition to the significant support for reciprocal monophyly mentioned above, the specific distinction is strengthened by the fact that NFS and A. townsendi are not in the same genus and thus are not expected to share similar haplotypes that closely related species may share with rapid molecular markers like the control region. It would indeed be possible that primitive haplotypes of one species with high intrinsic genetic variability could be misidentified if a closely related species within the same genus went through a genetic bottleneck, but it would be very unlikely to make a genetic misdiagnosis at the generic level with fastevolving molecular markers. The phylogenetic tree shows similar intergenus distances for Arctocephalus-Callorhinus and Arctocephalus-Zalophus/Eumetopias, which are significantly larger than the largest intra-Callorhinus distance.
